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ABSTRACT
We present low-resolution near-infrared stacked spectra from the 3D-HST survey up to z = 2.0
and fit them with commonly used stellar population synthesis models: BC03 (Bruzual & Charlot,
2003), FSPS10 (Flexible Stellar Population Synthesis, Conroy & Gunn 2010), and FSPS-C3K (Conroy,
Kurucz, Cargile, Castelli, in prep). The accuracy of the grism redshifts allows the unambiguous
detection of many emission and absorption features, and thus a first systematic exploration of the
rest-frame optical spectra of galaxies up to z = 2. We select massive galaxies (log(M∗/M⊙) > 10.8),
we divide them into quiescent and star-forming via a rest-frame color-color technique, and we median-
stack the samples in 3 redshift bins between z = 0.5 and z = 2.0. We find that stellar population
models fit the observations well at wavelengths below 6500A˚ rest-frame, but show systematic residuals
at redder wavelengths. The FSPS-C3K model generally provides the best fits (evaluated with a χ2red
statistics) for quiescent galaxies, while BC03 performs the best for star-forming galaxies. The stellar
ages of quiescent galaxies implied by the models, assuming solar metallicity, vary from 4 Gyr at
z ∼ 0.75 to 1.5 Gyr at z ∼ 1.75, with an uncertainty of a factor of 2 caused by the unknown
metallicity. On average the stellar ages are half the age of the Universe at these redshifts. We
show that the inferred evolution of ages of quiescent galaxies is in agreement with fundamental plane
measurements, assuming an 8 Gyr age for local galaxies. For star-forming galaxies the inferred ages
depend strongly on the stellar population model and the shape of the assumed star-formation history.
Subject headings: galaxies: evolution galaxies: formation galaxies: high-redshift
1. INTRODUCTION
In recent years, multi-wavelength surveys at high red-
shift have revealed a significant evolution of galaxies from
redshift z ∼ 2 to the present epoch. The emerging pic-
ture is based on a few key observations. First, the star
formation rates (SFRs) of galaxies have declined by a
factor of 10 in the last 10 billion years. Different obser-
vational techniques agree that this trend is largely inde-
pendent of mass (Damen et al. 2009, Karim et al. 2011,
Fumagalli et al. 2012). This decline is accompanied by
the evolution of the mass function, that once split into
star-forming and quiescent population reveals a differen-
tial behavior for the two categories: while the number of
massive star-forming galaxies remains constant or even
declines, the number density of massive quiescent galax-
ies grows by 0.5-1.0 dex from z ∼2 (Muzzin et al. 2013,
Ilbert et al. 2013). An immediate consequence is that the
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quiescent fraction at the massive end becomes increas-
ingly larger at lower redshifts (Bell et al. 2007; Bundy
et al. 2006, Brammer et al 2011). While at lower red-
shift massive galaxies (log(M∗/M⊙) > 11) are dominated
by a homogenous group of quiescent, red, early-type ob-
jects (Djorgovski & Davis 1987; Blanton et al. 2003;
Kauffmann et al. 2003a), at redshift z∼1 the population
shows a large diversity of colors, structural parameters
and SFRs (Abraham et al. 2004, van Dokkum et al.,
2011).
An additional insight into the assembly history of
galaxies is given by their stellar population parameters,
namely their age and metallicity. In the local universe
the light-weighted ages and metallicities (both stellar and
gaseous) have been shown to correlate tightly with mass
(e.g. Tremonti et al. 2004, Gallazzi et al. 2005, Gal-
lazzi et al. 2006). While chemical properties of gas in
star-forming objects have been traced up to z ∼ 3 by
emission line studies of Lyman break galaxies (e.g. Erb
et al. 2006, Moustakas et al. 2011), studies of stellar
population parameters at high redshift have been proven
challenging, since they require deep spectroscopy in or-
der to trace the rest-frame continuum. Recent works by
Gallazzi et al. 2014 and Choi et al. 2014 push stellar
population analysis to redshifts of z ∼ 0.7, where the ab-
sorption lines commonly used for metallicity and age de-
terminations (Balmer lines, Mg, Na, etc) fall at the edge
of optical spectrographs. At higher redshifts, the optical
rest-frame shifts to the infrared, where observations from
the ground are notoriously challenging. Determinations
of stellar population parameters at z > 1.5 are limited
to a few bright galaxies (Kriek et al 2009, Onodera eta
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al. 2012, Toft et al. 2012, van de Sande et al. 2012,
Bezanson et al. 2013, Onodera et al. 2014, Mendel et al.
2015) or composite spectra (Whitaker et al. 2013)
In this paper we present observations of galaxies at
0.5 < z < 2.0 obtained with the low-resolution Wide
Field Camera 3 (WFC3) grism onboard Hubble Space
Telescope (HST). These spectra cover the observed wave-
lengths 11000 < A˚ < 16000, which correspond to the op-
tical rest-frame for the targeted redshift range. We divide
galaxies into quiescent and star-forming, stack their spec-
tra in mass selected samples, and fit them with models
from commonly used stellar population synthesis (SPS)
codes.
The goal of the paper is two-fold. In the first place we
test the accuracy of SPS models at the observed redshifts
and wavelengths. Second, we determine constraints on
the stellar ages of galaxies in mass-selected samples, at
previously unexplored redshifts.
We note that we apply and test the models in a rel-
atively new regime, both in terms of redshifts and in
terms of spectral resolution. Most model tests have been
done either at very low spectral resolution (i.e., broad-
band and medium-band imaging, with R up to ∼ 8),
or at moderate to high spectral resolution (R & 5000).
Here we apply the models to spectra with R = 50− 100,
intermediate between imaging and typical ground-based
spectroscopy.
2. DATA
2.1. The 3D-HST survey
The 3D-HST program (van Dokkum et al. 2011; Bram-
mer et al. 2012) is a 625 arcmin2 survey using HST
to obtain low-resolution near-IR spectra for a complete
and unbiased sample of thousands of galaxies. (Cy-
cles 18 and 19, PI: van Dokkum). It observes the
AEGIS, COSMOS, GOODS-S and UDS fields with the
HST/WFC3 G141 grism over 248 orbits, and it incorpo-
rates similar, publicly-available data, in the GOODS-N
field (GO:11600; PI:Weiner). These fields coincide with
the area covered by CANDELS (Grogin et al. 2011;
Koekemoer et al. 2011) and have a wealth of publicly
available imaging data (U band to 24µm). The 3D-
HST photometric catalogue is described in Skelton et
al. (2014), and it constitutes a fundamental step in in-
terpreting the spectra that often contain only a single
emission line, if any, by providing a photometric redshift
prior to the redshift fitting.
The WFC3 grism spectra have been extracted with a
custom pipeline, described in Momcheva et al. (2015).
Redshifts have been measured via the combined photo-
metric and spectroscopic information using a modified
version of the EAZY code (Brammer et al. 2008). The
precision of redshifts is shown to be σ( dz1+z ) = 0.3%
(Brammer et al. 2012, Momcheva et al. 2015; see Kriek
et al. 2015 for a comparison based on the new MOSFIRE
redshifts from the MOSDEF survey).
Stellar masses have been determined using the FAST
code by Kriek et al. (2009), using Bruzual & Char-
lot (2003) models, and assuming exponentially declining
SFHs, solar metallicity, a Chabrier (2003) IMF, and a
Calzetti (2000) dust law.
2.2. Sample Selection
We separate quiescent galaxies from star-forming
galaxies using a color-color technique, specifically rest-
frame U-V versus rest-frame V-J (hereafter: UVJ di-
agram). It has been noted in the past that selecting
quiescent galaxies and star-forming galaxies based on
a single color is not reliable, because heavily reddened
star-forming galaxies can be as red as quiescent galaxies
(among others: Williams et al. 2009). Adding infor-
mation from a second color (V-J) makes it possible to
empirically distinguish between galaxies that are red in
U-V because of an old stellar population featuring strong
Balmer/D4000 breaks (which are relatively blue in V-J)
from galaxies that are instead red in U-V because of dust
(and therefore are red in V-J too).
The UVJ diagram has been widely used in a variety of
high redshift studies (e.g., Wuyts et al. 2007; Williams
et al. 2009; Bell et al. 2012; Gobat et al. 2013), it has
been shown to correspond closely to the traditional mor-
phological classes of early-type and late-type galaxies up
to at least z ∼ 1 (Patel et al. 2012) and is able to select
dead galaxies with low mid-infrared fluxes (Fumagalli et
al. 2014).
Effectively, quiescent galaxies are identified with the
criteria (U − V ) > 0.8× (V − J) + 0.7, U − V > 1.3 and
V −J < 1.5 (as in Whitaker et al. 2014). The separating
lines are chosen with the main criteria being that they lie
roughly between the two modes of the population seen
in Figure 1.
We select galaxies more massive than log(M∗/M⊙) >
10.8. In order to achieve a sample of high-quality spectra,
we exclude spectra contaminated by neighboring objects
for more than 10% of their total flux, with a wavelength
coverage lower than 80% of the full regime of 1.1 to 1.7
µm, and with a fraction of bad pixels higher than 10%.
All of these quantities are listed in the 3D-HST catalogs.
The final sample contains 572 galaxies between redshift
0.5 and 2.0. Figure 1 shows the selection of massive
galaxies, divided into star-forming galaxies and quies-
cent galaxies, in three redshift bins, superposed on the
entire population of galaxies from 3D-HST at the same
redshift.
Figure 2 (left) shows all the spectra in the sample in
observed wavelength sorted by redshift and divided into
quiescent galaxies (top) and star-forming galaxies (bot-
tom). Spectra are stacked in 50 redshift bins with a
roughly exponential spacing. We show the number of
galaxies in each bin in the histograms on the right. We
see emission and absorption lines being shifted in the
wavelength direction, and entering and exiting the ob-
served range at different redshifts. For instance, the Hα
line enters the wavelength range of the WFC3 grism at
z ∼ 0.7 and exits at z ∼ 1.5. We notice that the subdi-
vision into star-forming galaxies and quiescent galaxies
corresponds well to a selection on the presence of emis-
sion lines. In the quiescent galaxies sample (Figure 2,
left) there are no obvious emission lines visible, while
at different redshifts we observe deep absorption bands
(CaII, Mg, Na, TiO). The star-forming galaxies sample
(Figure 2, right) features strong emission lines, such as
the already mentioned Hα, and Hβ and [OIII] at higher
redshift. Significantly, some absorption bands are de-
tectable also in the SFG sample.
This experiment proves the quality of 3D-HST grism
redshifts. As a comparison, we show in the right col-
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Fig. 1.— Quiescent and star-forming galaxies are separated in a rest-frame color-color diagram. The top row shows, in three redshift
bins, galaxies of all masses selected in 3D-HST with the quality cuts described in Section 2.2. Quiescent (red) and star-forming (blue)
galaxies which are more massive than log(M∗/M⊙) > 10.8 are shown in the bottom row.
umn of Figure 2 the effect of lower quality redshifts on
the stacking procedure, by using photometric redshifts
instead of grism redshifts. Even though the photometric
redshifts provided in the 3D-HST photometric catalogs
(Skelton et al. 2014) reach an excellent absolute devia-
tion from spectroscopic redshifts of just σ = 1− 2% (de-
pending on the field), this level of precision is not good
enough to clearly observe the spectral features. Figure 2
shows that the scatter induced by the less accurate pho-
tometric redshifts blurs emission and absorption lines.
As an example [OIII] is very difficult to track in emission
line galaxies if photometric redshifts are used.
This experiment demonstrates that stacking grism
spectra requires the sub-percent precision in redshift
achieved with the 3D-HST zgrism.
3. METHODS
3.1. Stacking
In individual galaxies in our sample, spectral features
are often too weak to be used for reliable measurements
of stellar population parameters. We therefore achieve
the necessary signal-to-noise ratio by stacking spectra
in 3 redshift bins, and in the two populations of star-
forming galaxies and quiescent galaxies, as follows. We
shift the spectra to rest-frame and fit the continuum in
each spectrum with a third order polynomial. In this
process we mask regions around known strong emission
lines. We normalize the spectra by dividing them by the
best-fit polynomial. We next determine the median flux
of the normalized rest-frame spectra in a grid of 20A˚.
Errors on the stacks are evaluated via bootstrapping: we
perform 100 realizations of each sample by drawing ran-
dom galaxies from the original sample (repetitions are
possible) and we perform the stacking analysis on each
resampling. The uncertainty in the flux measurement of
each wavelength bin is given by the dispersion of the flux
values in the resampled stacks.
The composite spectra are shown in Figure 3 (for qui-
escent galaxies) and Figure 4 (for star-forming galaxies).
Each individual stack is made from the sum of at least 75
galaxies. As the observations cover a constant range of
observed wavelength (11000A˚ < λ < 16000A˚), we probe
different rest-frame wavelength regimes at different red-
shifts. The strongest features are the emission lines of
Hα and [OIII](λ=5007A˚) with a peak strength of 15%
over the normalized continuum. The absorption lines
have depths of 5% or less. The features are weak due to
the limited resolution of the spectra.
3.2. Model fitting
We compare the stacked spectra with predictions from
stellar-population synthesis models (SPS hereafter). Our
goal is to test whether different SPS codes can reproduce
the absorption line properties of high redshift galaxies,
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Fig. 2.— Observed spectra of massive (log(M∗/M⊙) > 10.8) galaxies sorted by redshift, and divided into quiescent (top) and star-forming
(bottom). Galaxies are stacked in a narrow, approximately logarithmic redshift spacing. In the left column grism redshifts are used, while
in the right column we take advantage of photometric redshifts only: this demonstrates the quality of grism redshifts and the necessity of
high precision in redshift evaluation for stacking galaxies together. The most prominent features in emission and absorption are marked
respectively in green and red. No significant emission line is seen in the quiescent sample.
and to infer stellar ages for these galaxies. We use models
from Bruzual & Charlot (2003, BC03), Conroy & Gunn
(2010, Flexible Stellar Population Synthesis, FSPS10),
and Conroy, Kurucz, Cargile, & Castelli (in prep, FSPS-
C3K)
We use the most standard settings for each SPS code.
The BC03 models are based on the Padova stellar evo-
lution tracks and isochrones (Bertelli et al. 1994); they
use the STELIB empirical stellar library (Le Borgne et
al. 2003) for wavelengths between 3200A˚ < λ < 9500A˚
and the BaSeL library of theoretical spectra elsewhere.
The FSPS10 models are based on a more updated ver-
sion of the Padova stellar evolution tracks and isochrones
(Marigo et al. 2008); they use the MiLeS empirical stel-
lar library for wavelengths between 3500A˚ < λ < 7500A˚
and the BaSeL library of theoretical spectra library else-
where.
We have also considered a new, high resolution the-
oretical spectral library (FSPS-C3K, Conroy, Kurucz,
Cargile, Castelli, in prep). This library is based on the
Kurucz suite stellar atmosphere and spectral synthesis
routes (ATLAS12 and SYNTHE) and the latest set of
atomic and molecular line lists. The line lists include
both lab and predicted lines, the latter being particularly
important for accurately modeling the broadband SED
shape. The grid was computed assuming the Asplund
(2009) solar abundance scale and a constant microtur-
bulent velocity of 2 km/s.
For each observed stack, we perform a least-squares
minimization using the three different models, to find the
best-fit age of the stack. In order to compare the high
resolution models with the low resolution stacks, we need
to downgrade the models to 3D-HST resolution. The dis-
persion of the G141 grism is 46A˚/pixel (R ∼130 in the
raw data) with a raw pixel scale of 0.12 arcsec, sampled
with 0.06 arsec pixels. The lack of a slit, combined with
the low spectral resolution of the WFC3 grism, implies
that emission and absorption lines are effectively images
of the galaxy at that particular wavelength (see Nelson
et al. 2015 for a detailed explanation). In a continuum
spectrum, this means that the spectral resolution is dif-
ferent for each galaxy, as it is determined by its size. This
effect is generally referred to as ”morphological broad-
ening” in the slitless spectroscopy literature (e.g. van
Dokkum et al. 2011, Whitaker et al. 2013, 2014). We
simulate the expected morphological broadening by con-
volving the high-resolution model spectra with the object
morphology in the HF140W continuum image collapsed in
the spatial direction. Model spectra for each galaxy in
the sample are continuum-divided and stacked with the
same procedure we use for observed spectra. In the fit-
ting of models to data, we allow an additional 3rd order
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Fig. 3.— Rest-frame stacks of quiescent galaxies with log(M∗/M⊙) > 10.8, in three redshift bins. The stacks are continuum-subtracted.
Shaded regions represent the uncertainty on the stacks derived via bootstrapping (see Section 3.1). Many absorption bands are visible,
while no obvious emission lines are seen.
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Fig. 4.— Rest-frame stacks of star-forming galaxies with log(M∗/M⊙) > 10.8, in three redshift bins. The stacks are continuum-subtracted.
Shaded regions represent the uncertainty on the stacks derived via bootstrapping (see Section 3.1) Both emission and absorption lines are
visible.
polynomial continuum component with free parameters.
In summary, for each sample of galaxies, we create
mock 3D-HST stacks based on three stellar population
models (BC03, FSPS10, FSPS-C3K) with solar metal-
licity, Chabrier IMF, and three different star-formation
histories (single stellar burst, constant star formation,
and an exponentially declining model with τ = 1 Gyr),
with a spacing of 0.1 Gyr in light-weighted age. Unless
specified otherwise, all ages quoted through the paper
are light-weighted ages. For an SSP, this age is identical
to the time elapsed since the beginning (and end) of star
formation, as all stars have the same age. In other models
this age is some time in between the time elapsed since
the onset of star formation and the ages of the youngest
stars (see, e.g., van Dokkum et al. 1998).
Our choice of performing the stacking and the fitting
analysis on continuum-divided spectra is motivated by
the goal of measuring ages of galaxies without being influ-
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Fig. 7.— Best fits to the stack of quiescent galaxies at 1.5<
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5. A comparison of residuals from different models is shown in the
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and the age determination converges to values of 1.2-1.4 Gyr.
enced by the slope of the continuum, which is degenerate
in dust and age. Aging stellar populations have redder
broadband colors, however dust reddening and increas-
ing metallicity have a similar effect. For instance, the
difference in g − r color corresponding to 1 Gyr of pas-
sive aging within the BC03 models, can also be caused
by 0.5 mag of dust reddening following the Calzetti et
al. (2000) dust law, or by an increase in metallicity from
log(Z) = 0.02 (solar) to log(Z) = 0.05.
In this study we do not treat galaxies hosting an active
galactic nucleus (AGN) separately. We test the influence
of AGNs by selecting all sources falling in the IRAC
color-color selection presented in Donley et al. (2012).
The IRAC selected AGNs count for less than 5% of each
sample of quiescent galaxies/star-forming galaxies at dif-
ferent redshifts. The conclusions of the paper do not
change when these sources are removed from the stacks.
4. QUIESCENT GALAXIES
We fit the stacks of quiescent galaxies with SSPs from
three SPS models (BC03, FSPS10, FSPS-C3K) assuming
solar metallicity, a Chabrier IMF, and a single-burst SFH
10.
In this Section we will discuss separately the quality
of the fits for different SPS models, and the stellar ages
determined from the best fits.
4.1. Quality of fits
Figure 5 shows for each of the models (BC03, FSPS10,
FSPS-C3K) the best fits to the QG stack for the lower
redshift bin (0.5 < z < 1.0). The grey shaded area rep-
resents the area around Hα, masked in the fitting. With
BC03 (Figure 5, red) the best fit is very poor at wave-
lengths higher than 7500 A˚, as shown by the residuals in
the lower panel. Moreover, the reduced χ2 (χ2red) of the
best fit is high (11.46). Using FSPS10 (green), the best
fit also has significant (> 3%) residuals at the reddest
wavelengths (> 8000A˚) and around the > 7000A˚ regime,
where the first TiO band lies. The χ2red value of the
best fit is still high (8.5). Finally, using the latest FSPS-
C3K models (Figure 5, bottom left) the best fit converges
with a lower χ2red = 5.8, and residuals are below 2%
consistently over the entire wavelength range. We com-
pare residuals from different SPS models (data-model) in
the bottom panel of Figure 5. All best-fits have positive
residuals in the 7000A˚ region (up to 4% for FSPS10), un-
derestimating the fluxes at those wavelengths. At wave-
lengths higher than 8000A˚ the BC03 models have pos-
itive residuals, while FSPS10/FSPS-C3K have negative
ones.
Moving to higher redshifts, the quality of fits with dif-
ferent SPS models is comparable. In the intermediate
(1.0 < z < 1.5, Figure 6) and in the high redshift bin
(1.5 < z < 2.0, Figure 7) we examine, all χ2red range
from 2.8 to 3.3. Residuals in these redshift bins are com-
parable among different models, and tend to be smaller
than a few percent. We evaluate residuals corresponding
to the Hα line in quiescent galaxies in Section 6.3.
10 We redo the analysis assuming instead an exponentially de-
clining SFH (τ=1 Gyr), finding that light-weighted ages and resid-
uals to the best fits are compatible (within 1σ) to those measured
from the SSP models.
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4.2. Determination of Ages
The stellar ages of quiescent galaxies implied by the
best-fit models vary according to the used SSP. In order
to evaluate the uncertainty of the age measurement we
bootstrap the sample 100 times and repeat the fitting
analysis on the bootstrapped realizations of the stack.
At the lowest redshift bin (0.5 < z < 1.0, Figure 5)
we obtain a stellar age of 3.8 ±0.6 Gyr with BC03, a
younger age (2.4 ±0.4 Gyr) with FSPS10 and again 4.0
±0.2 Gyr with FSPS-C3K (which is the model with the
lowest residuals). A similar wide range of age determina-
tions is obtained for the intermediate redshift bin (Figure
6) ranging from 1.4 ±0.1 Gyr for FSPS10, to 2.0 ±0.3
Gyr for FSPS-C3K to 3.8 ±0.8 Gyr for BC03.
In the highest redshift bin (1.5 < z < 2.0, Figure 7) all
the age determinations are between 1.2 and 1.4 Gyr. This
value is consistent with Whitaker et al. (2013), who stud-
ied a sample of galaxies at slightly different masses and
redshifts (10.3 < log(M∗/M⊙) < 11.5, 1.4 < z < 2.2) ob-
taining an age of 1.25 Gyr computed with the Vakzdekis
models. We also agree with Mendel et al. (2015), who
investigate the stellar population of 25 massive galaxies
with VLT-KMOS, deriving a mean age of 1.08 0.13−0.08 Gyr.
Our study relies on the assumption that quiescent
galaxies already have a solar metallicity at high red-
shift. This assumption is supported by the study of Gal-
lazzi et al. (2014), who studied 40 quiescent galaxies at
0.65 < z < 0.75 with IMACS spectra, obtaining a mass-
metallicity relation consistent with that at z = 0 from
SDSS.
We explore the effect of changing metallicity in Figure
8 on the stack with the highest signal-to-noise ratio. We
use the stellar population model that gave the lowest
χ2red with the standard solar metallicity (FSPS-C3K),
and vary the metallicity to twice solar and half solar.
The best fit with a Z = 0.5Z⊙ metallicity has a χ
2
red
marginally lower than that with a solar metallicity (4.6
versus 5.6), while the Z = 2Z⊙ case can be excluded
by its higher χ2red=8.1. We moreover remark that, as
seen in Section 4.1, none of the models that we explore
properly fit the data at rest-frame wavelengths redder
than 7500A˚: at those wavelengths lines such as TiO and
CaII could help in constraining metallicities (e.g. Carrera
et al. 2007, Conroy et al. 2014), but improved models
or higher resolution spectroscopy are required.
At higher redshifts we find that the uncertainty on the
ages due to the uncertainty in the metallicity can amount
to a factor of 2, with the Z = 2Z⊙ and Z = 0.5Z⊙
best fits being respectively younger and older than those
with a solar metallicity, as expected from the well-known
degeneracies between age and metallicity.
This metallicity uncertainty dominates the error bud-
get.
5. STAR FORMING GALAXIES
We fit star-forming galaxies with the same set of mod-
els (BC03, FSPS10, FSPS-C3K) with two different star
formation histories: a model with constant star forma-
tion (CSF), and one with an exponentially declining SFR
in the form of SFR(t) ∼ exp(−t/τ), with τ = 1Gyr.
5.1. Quality of fits
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Fig. 8.— Best fits to the stack of quiescent galaxies at 0.5<
z <1.0, log(M∗/M⊙) > 10.8, with the FSPS-C3K models and vary-
ing metallicity. A comparison of residuals from different models is
shown in the bottom panel.
Figure 9 summarizes the best fits to the SFG sample
at 0.5 < z < 1.0 obtained with these combinations of
models, letting the age t vary. We again mask a 400A˚
wide region around Hα in the fit. According the χ2red
statistics, the models assuming an exponentially declin-
ing SFH provide marginally beter fits than models as-
suming a CSF.
Figures 10 and 11 show the best fits to the SFG sam-
ples at 1.0 < z < 1.5 and 1.5 < z < 2.0 obtained
with the same combination of models. We mask 400A˚
wide regions around the expected strongest emission lines
([OIII], Hα). In the highest redshift stack, we see the
biggest residual corresponding to the wavelength of the
Hγ line (λ = 4341A˚). For these redshifts, FSPS10 and
FSPS-C3K model have a lower best-fit χ2red than that of
BC03. However the models fit almost equally well.
Star-forming galaxies of these masses are in fact known
to follow declining star-formation histories at redshifts
lower than 1.5 (e.g. Pacifici et al. 2012). As in the
case of quiescent galaxies, different models have qualita-
tively and quantitatively different residuals. In this case
however BC03 is the model with the smallest residuals,
especially at the longest wavelengths (> 8500A˚).
The effect of varying metallicity is explored in Figure
12 and compared to that of varying stellar population
models. We perform this test on star-forming galaxies at
the lowest redshift bin (0.5 < z < 1.0), where the signal-
to-noise ratio is high. Figure 12 shows a comparison
between residuals from best-fit FSPS-C3K models with
solar metallicity models (Z=0.190) and models with half
of the solar metallicity (Z=0.096), for a 1 Gyr τ model
SFH, and a Constant SFR. We notice that the difference
in ages is smaller than 10% and that residuals do not
vary significantly. We conclude that the difference be-
tween different SPS models is greater than that obtained
by using the same SPS code, with different metallicities
and/or SFHs.
5.2. Determination of Ages
For star-forming galaxies at the lowest redshift we ex-
amine (0.5 < z < 1.0, Figure 9), the overall best-fit
(χ2red = 3.71) is obtained with a young (0.6 Gyr of age)
stellar population with the BC03 τ model. We also ob-
tain a young age (0.2 Gyr) when assuming a constant star
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Fig. 9.— Best fits to the stack of star-forming galaxies at 0.5< z <1.0, log(M∗/M⊙) > 10.8, with BC03 (red), FSPS10 (green) and
FSPS-C3K (blue) models. The grey area represents the wavelength region around Hα masked in the fitting process. On the left models
with a constant star formation rate are used; on the right, exponentially declining models with τ = 1 Gyr. BC03 models provide the best
fits, according to a χ2
red
statistic. Best-fit ages vary significantely among SPS models and assumed SFHs.
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Fig. 10.— Best fits to the stack of star-forming galaxies at 1.0< z <1.5, log(M∗/M⊙) > 10.8, with BC03 (red), FSPS10 (green) and
FSPS-C3K (blue) models. The grey area represents the wavelength region around [OIII] masked in the fitting process. On the left models
with a constant star formation rate are used; on the right, exponentially declining models with τ = 1 Gyr. Best fit ages vary from 2 to 4
Gyr.
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Fig. 11.— Best fits to the stack of star-forming galaxies at 1.5< z <2.0, log(M∗/M⊙) > 10.8, with BC03 (red), FSPS10 (green) and
FSPS-C3K (blue) models. The grey area represents the wavelength region around [OIII] masked in the fitting process. On the left models
with a constant star formation rate are used; on the right, exponentially declining models with τ = 1 Gyr. Different SPS models have
similar residuals and converge to very young ages.
formation history for the same stellar population model.
The age determinations from FSPS10 and FSPS-C3K
indicate instead an older age, from 1 to 5 Gyr (Figure
9). We notice that for star-forming galaxies we cannot
exclude any particular age range, since the stellar ages
inferred from different models vary greatly.
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Fig. 12.— For star-forming galaxies at redshift 0.5 < z < 1.0, we
compare residuals to the best-fits obtained by varying metallicity
and star formation history. The shape of residuals changes less
than by changing the assumed stellar population model (compare
with Figure 9). The maximum difference in the χ2
red
statistics for
best fits with varying metallicity is ∆χ2
red
= 0.2, negligible in com-
parison to the difference obtained by varying the stellar population
model (∆χ2
red
= 5).
At intermediate redshift (1.0 < z < 1.5, Figure 10), we
obtain ages around 2-3 Gyrs with different models (the
typical error on each inferred age for star-forming galax-
ies is 1 Gyr). At the highest redshifts (1.5 < z < 2.0,
Figure 11), all best-fits (with different stellar population
models and different star formation histories) converge
to the lowest age value.
For galaxies with active star formation, the intrinsic
strength of features does not vary significantely with time
since the spectra are dominated by light from young stars
that been constantly forming. With the current signal-
to-noise, we therefore cannot draw any conclusion on the
ages of star-forming galaxies at the redshift under con-
sideration.
6. DISCUSSION
6.1. Differences among SPSs
In order to investigate the origin of the qualitative dif-
ference in the best fits described in Section 4, we compare
model spectra from different SPS codes. We show model
SSPs from the BC03, FSPS10 and FSPS-C3K codes in
Figure 13, for different ages. The strengths of the absorp-
tion lines vary among models, for every age. We notice in
particular that at wavelengths higher than 7500A˚ differ-
ent models predict different absorption bands at differ-
ent wavelengths. We quantify the spread in the models
at different wavelengths by computing the mean differ-
ence between every possible combination of models at
the same age (Figure 13, bottom). This value is lower
than 1% at wavelength between ∼ 4500A˚ and 6500A˚,
and is larger otherwise. In particular the region with
wavelengths greater than 8000A˚ has a large discrepancy
between BC03 on one side, and FSPS10 and FSPS-C3K
on the other. This explains why determinations of ages
from 3D-HST at higher redshifts are more stable between
different models than those at lower redshift. For our
lowest redshift sample (0.5 < z < 1.0) we observe the re-
gion of the spectrum where discrepancies among models
are the largest, while at high redshift we observe rest-
frame wavelengths where models are more similar to each
others.
6.2. Evolution of Ages
We investigate the evolution of ages of quiescent galax-
ies in a mass limited sample. In Fig. 14 (left) we show
the ages obtained by fitting 3D-HST stacks with differ-
ent stellar population synthesis models. Even though
the model dependent spread in ages is large, we observe
that quiescent galaxies are younger at higher redshift and
that, at each redshift, quiescent galaxies are not maxi-
mally old; instead their age is smaller than half of the
age of the Universe at the same redshift. We compare
to data in a similar mass range by Gallazzi et al. (2014)
at z ∼ 0.6 and by Whitaker et al. (2013, who also uses
spectra from 3D-HST) at 1.4 < z < 2.2, obtaining good
agreement. Also, at lower redshifts, Choi et al. (2014)
find that quiescent galaxies at 0.2 < z < 0.7 tend to be
younger than half of the age of the Universe at those red-
shifts. The age value from the highest redshift mapped
by Choi et al. (2014) is lower than the FSPS-C3K de-
termination from this work, but similar to the determi-
nation obtained with the FSPS10 code, used by Choi et
al. (2014) as well. We also note that the selection crite-
ria and the rest-frame wavelength regime in Choi et al.
(2014) are different from those in the present study. We
test if the discrepancy between Choi et al. (2014) and
our study can be caused by a selection bias, by repeating
the spectral stacking and the fitting with the same sSFR
selection of Choi et al. (2014). We find an age of 1.8
± 0.6 Gyr, younger than our previous determination, in
accordance to Choi et al. (2014).
Fairly young ages of quiescent galaxies are expected
at z ∼ 1 from the mass build-up of galaxies: a subset
of the quiescent galaxies were likely still star forming at
slightly higher redshifts. In addition, quiescent galax-
ies may grow by merging with lower mass star-forming
galaxies. The processes involved are clearly complex but
a simple estimate of the expected ages of z∼1 quies-
cent galaxies can be obtained from comparisons of co-
moving stellar mass densities of quiescent galaxies and
star-forming galaxies.
Muzzin et al. (2014) find a stellar mass density of
quiescent galaxies at z ∼ 1 of log(ρ∗ [M⊙Mpc
−3]) = 7.8
(their Fig. 8). This density was reached at a redshift
of z ∼ 2.1 for all galaxies (that is, quiescent and star-
forming galaxies). If the oldest stars at z ∼ 1 are in the
quiescent galaxiy population, these stars finished forming
at a redshift of z ∼ 2.1. The time difference between
z = 2.1 and z = 1 is 2.6 Gyr. This is then the youngest
age of this population, while the median age is defined
by the redshift at which half of the mass was formed
(z ∼ 2.4). The resulting median age is 3 Gyr, similar
to that we observe in this study (Fig. 14, right). This
is strictly an upper limit to the age since z=1 quiescent
galaxies can contain stars that formed later. On the other
hand this argument is strictly valid for the full population
of quiescent galaxies, and lower mass quiescent galaxies
might be somewhat younger. It is remarkable that this
simple argument gives an age which agrees well with our
general results.
6.2.1. Comparison with photometry
Ages of galaxies can also be inferred from photometry
only. In 3D-HST stellar masses, star-formation rates,
ages and dust extinction are estimated with the FAST
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Fig. 13.— Top: SSPs with solar metallicities from BC03 (red), FSPS10 (green), FSPS-C3K (blue). Models are convolved to 3D-HST
resolution (see Section 3). Bottom: The purple line shows the average absolute difference between models at different wavelengths, for
every combination of models of the same age: the difference among models is the biggest at the longest wavelengths and in the D4000
region.
code (Kriek et al. 2009), assuming exponentially declin-
ing star formation histories with a minimum e-folding
time of log10(τ/yr) = 7, a minimum age of 40 Myr,
0 < AV < 4 mag and the Calzetti et al. (2000) dust
attenuation law (see Skelton et al. 2014). The output
from the FAST code is an age defined as the time since
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the onset of SF, that is not necessary equivalent to a
light-weighted age.
For each galaxy we therefore compute a light-weighted
age (tlum) following the definition:
tlum =
∑
i SFR(ti)×VSSP(t− ti)× (t− ti)×∆t∑
i SFR(ti)×VSSP(t− ti)×∆t
where:
• t is the time of observation (equivalent to the age
of FAST)
• SFR(ti) is the star formation rate at time ti. In the
case of the FAST fits SFR(ti) has the functional
shape of a τ model SFR(ti) ∼ exp(−ti/τ)
• VSSP (t − ti) is the V-band flux of 1 M⊙ element
formed at ti and observed at time t.
• ∆t is the time-step we divide the SFH in (we use
∆t = 50 Myr).
We notice that for an SSP tlum(t) = t.
Figure 15 shows the relation between the time from the
onset of star-formation t and tlum for a range of models:
an SSP, a CSF model, and an exponentially declining
model with τ = 1Gyr. As expected,tlum for an SSP (red
line) is well approximated by t. For a CSF (blue line)
tlum is always smaller than t, with a increasing differ-
ence at later times. This effect is naturally explained by
the fact that younger stars are brighter than older stars:
VSSP peaks at 10 Myr, and declines afterwards (in other
words the mass-to-light ratio M/LV increases for older
stellar populations, see among others Bruzual & Charlot
2003, Fig 1 to 5). The τ model (purple line) has an in-
termediate behavior, being similar to the CSF for t→ 0,
and parallel to the SSP for large t. We note that these
relations are well known (see, e.g., Appendix A of van
Dokkum et al. 1998).
For each quiescent galaxy in the sample, we infer tlum
from the best fit to its photometry, and find the average
value in the three redshift bins 0.5 < z < 1.0, 1.0 <
z < 1.5 and 1.5 < z < 2.0. Figure 14 (left) shows how
the quantity compares to the ages measured from the
spectra (Section 4) with different sets of models. For
each redshift bin ages derived from photometry tend to
be comparable to the lowest values obtained with the
spectral fitting.
6.2.2. Comparison with fundamental plane studies
Another technique commonly used to constrain ages of
high redshift quiescent galaxies is provided by the funda-
mental plane (Djorgovski & Davis 1987, hereafter: FP).
In particular, the FP is a model-independent tool for
measuring the mass to light ratio (M/L). The offset be-
tween the M/L of high redshift galaxies and that of lo-
cal galaxies can therefore be used to estimate the age
of their stellar populations (Franx 1993, van Dokkum
& Franx 1996, van der Wel et al. 2004, Treu et al.
2005). Since the luminosity of an SSP evolves with time
as L ∼ tk, (with the parameter k derived from stellar
population models), the relation between the evolution
of M/L and light-weighted ages can therefore be ap-
proximated as ∆ln(M/L) ∼ −k∆ln(t). Measurements
of the evolution of M/L up to z ∼ 1 agree with values
∆ln(M/LB) ∼ −1 × z (van Dokkum & Stanford 2003,
Wuyts et al. 2004, Holden et al. 2005). Given a value
of k=-0.98 (from BC03 models in the B band, with a
Chabrier IMF), we derive the following relation between
the local light-weighted ages and those at high redshift:
tlum(z) = tlum(0)× e
−z/0.98.
The observed evolution of the M/L predicts that the
ages of quiescent galaxies at z ∼ 1 are 2.8 times younger
than those at z = 0, and 4 times younger at z ∼ 1.5.
Figure 14 shows the age evolution predicted from M/L
measurements. We use 8 Gyr as the age of galaxies at
z = 0, as measured from SDSS spectra by Gallazzi et al.
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(2006). The agreement between the FP prediction and
measurements from 3D-HST spectra is excellent. Only
the spectral measurement with the BC03 models at z ∼
1.25 and the one with the FSPS10 models at z ∼ 0.75
significantly deviate from the FP prediction.
6.3. Hα in quiescent galaxies
At redshifts lower than 1.5 we can quantify the Hα
emission11 in quiescent galaxies from the residuals to
the best fits (Figure 5 and 6). We subtract the best-
fit model with the FSPS-C3K SPS from the stacks, and
fit residuals with a Gaussian centered at the Hα wave-
length (λ =6563A˚). Since the stacks are continuum
subtracted, this is effectively a direct measurement of
EW(Hα+[NII]). At the lowest redshifts (0.5 < z < 1.0),
we do not obtain a significant detection, with EW(Hα+
[NII]) = 0.5 ± 0.3A˚, while at 1.0 < z < 1.5 we robustly
detect the emission line, measuring EW(Hα+[NII]) =
5.5±0.8A˚. In the same mass/redshift regime typical star-
forming galaxies have EW(Hα+[NII]) ∼ 60A˚ (Fumagalli
et al. 2012). This shows that, assuming no dust absorp-
tion, the Hα emission in quiescent galaxies is quenched
by a factor of ∼ 10.
To estimate the Hα fluxes, we multiply the
EW(Hα+[NII]) by the median continuum flux of
galaxies in the stack, and assume a 0.25 ratio for
[NII]/(Hα+[NII]). We finally estimate SFR(Hα) with
the Kennicutt (1998) relation, obtaining that quiescent
galaxies have SFR(Hα) = 0.46±0.06M⊙/yr at 1.0 < z <
1.5 and 0.10± 0.05M⊙/yr at 0.5 < z < 1.0, assuming no
dust absorption.
In Fumagalli et al. (2014) we reported for quiescent
galaxies higher SFR inferred from mid-infrared emis-
sions, up to 3.7 ± 0.7M⊙/yr at 1.1 < z < 1.5. Since
the sample in Fumagalli et al. (2014) has a slightly dif-
ferent selection (1.1 < z < 1.5, log(M∗/M⊙) > 10.3), we
test if the discrepancy between Hα and IR inferred SFRs
can be caused by a selection bias, by repeating the spec-
tral stacking and the Hα measurement in the same red-
shift / mass window of Fumagalli et al. (2014). We ob-
tain SFR(Hα)= 0.32± 0.07M⊙/yr, which would require
a significant dust extinction for the Hα line (AHα ∼ 2.6)
to be reconciled with the SFR(IR) measurement. This
extinction value is similar to the A(Hα) measured for
star-forming galaxies of similar masses at both redshift
z 1.5 (Sobral et al. 2012, Kashino et al. 2013, Price et
al. 2014, Fumagalli et al. 2015) and in the local Uni-
verse (Garn & Best 2010) with no significative redshift
dependence.
A variety of studies (Fumagalli et al. 2014, Utomo
et al. 2014, Hayward et al. 2014) suggests that SFR
inferred from IR are overestimated because of the contri-
bution of dust heating by old stars and/or TP-AGB stars
to the MIR fluxes. SFRs measured from Hα are instead
contaminated by potential AGN or LINER emission and
affected by dust extinction. Our combined multiwave-
length findings agree however in indicating that SFRs
of quiescent galaxies are very low, they are negligible in
comparison to those of star-forming galaxies at the same
redshift, and they are potentially consistent with 0.
7. CONCLUSIONS
We select massive galaxies from the 3D-HST survey
and divide them into quiescent and star-forming accord-
ing to their rest-frame optical and near-infrared colors.
We stack their low-resolution spectra from 3D-HST in
three redshift bins, and fit them with models from three
stellar population synthesis codes, in order to infer the
mean stellar ages of the sample.
For quiescent galaxies, we show that the new FSPS-
C3K models provides more accurate fits to the data.
Other codes do not reproduce the observed features at
the reddest optical wavelengths.
For star-forming galaxies, we are not able to put sig-
nificant constraints on the stellar ages of the samples.
Even though we infer different stellar ages from differ-
ent models, stellar ages of quiescent galaxies appear to
be overall younger than half of the age of the Universe,
confirming the trends found at lower redshift by Choi et
al. (2014) and Gallazzi et al. (2014). The evolution of
stellar ages is moreover in accordance with the expected
evolution from fundamental plane studies.
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